The Drosophila porcupine gene is required for secretion of wingless and other Wnt proteins, and sporadic mutations in its unique human ortholog, PORCN, cause a pleiotropic X-linked dominant disorder, focal dermal hypoplasia (FDH, also known as Goltz syndrome). We generated a conditional allele of the X-linked mouse Porcn gene and analyzed its requirement in Wnt signaling and embryonic development. We find that Porcn-deficient cells exhibit a cell-autonomous defect in Wnt ligand secretion but remain responsive to exogenous Wnts. Consistent with the female-specific inheritance pattern of FDH, Porcn hemizygous male embryos arrest during early embryogenesis and fail to generate mesoderm, a phenotype previously associated with loss of Wnt activity. Heterozygous Porcn mutant females exhibit a spectrum of limb, skin, and body patterning abnormalities resembling those observed in human patients with FDH. Many of these defects are recapitulated by ectoderm-specific deletion of Porcn, substantiating a long-standing hypothesis regarding the etiology of human FDH and extending previous studies that have focused on downstream elements of Wnt signaling, such as β-catenin. Conditional deletion of Porcn thus provides an experimental model of FDH, as well as a valuable tool to probe Wnt ligand function in vivo.
epidermis | dermis | hair follicle | skeletal development W ingless/Wnt signaling has been implicated in the development of nearly all animal tissues as well as human diseases, such as diabetes and cancer (1, 2) . Although the Wnt signaling pathway was first delineated in Drosophila, translating insights from this species to vertebrates has been complicated by genetic redundancy among its components (2) . β-catenin is one of the few nonredundant components of the "canonical" Wnt pathway, and its genetic manipulation is widely used to study Wnt signaling in the mouse (3) . A requirement for β-catenin is not necessarily the same as a requirement for Wnt, however, given that each can function independently of the other (4, 5) .
Drosophila wingless/Wnt secretion and activity require the dedicated function of an endoplasmic reticulum (ER)-localized acyltransferase enzyme, porcupine (6) (7) (8) . Porcupine has a single mammalian ortholog, Porcn (9), and inhibiting this molecule by RNAi or small molecule antagonists impairs the palmitoylation, secretion, and activity of multiple vertebrate Wnts (10) (11) (12) . Although Porcn is one of several related membrane-bound O-acyltransferase (MBOAT) enzymes (13) , functional studies reveal no substrate overlap between Porcn and other MBOATs (12, (14) (15) (16) . These observations suggest that Porcn represents a genetic "bottleneck" in the vertebrate Wnt pathway, comparable to β-catenin but regulating ligand production rather than response. Nonetheless, the relationship of Porcn to Wnt function has yet to be analyzed genetically in a vertebrate model organism.
In fact, the first loss-of-function phenotype of this gene was described in humans, as the X-linked dominant syndrome focal dermal hypoplasia (FDH, also known as Goltz syndrome; Online Mendelian Inheritance in Man (OMIM) no. 305600) (17) (18) (19) . Most patients with FDH are female heterozygotes, and the syndrome is never transmitted to male offspring, suggesting malespecific embryonic lethality. The congenital abnormalities associated with FDH are highly pleiotropic and variable, including multiple aspects of skin and skeletal development (20) , and considerably overlap defects observed in mouse Wnt pathway mutants (Table S1 ). Given the connections between porcupine/ Porcn and Wnt signaling, we developed a conditional allele of mouse Porcn that provides a unique genetic tool to block Wnt ligand biogenesis.
Results
Deletion of Mouse Porcn Abolishes Wnt Production but Not Responsiveness. The Porcn targeting vector places loxP sites around exons 2 and 3, such that Cre-mediated deletion will eliminate the Porcn protein start codon and the first three predicted transmembrane domains (Fig. 1A and Fig. S1 A and B) . Homologous recombination inserts an Flp recognition target (FRT)-flanked, promoterless neo R selection cassette downstream of the first (noncoding) exon; neo R should not be expressed if the targeting vector integrates randomly into the genome (21) . Although relatively few colonies were obtained after electroporation and selection, 12 of 18 clones analyzed had undergone targeting, thereby disrupting the only Porcn allele in these X/Y ES cells (Fig. S1C) . We obtained clones either incorporating or omitting the distal loxP site, based on the position of the 3′ crossover event ( Fig. S1 A and C), and one clone of each (Porcn neo2lox /Y or Porcn neo1lox /Y) was used for further study (Fig. S1D ). As depicted in Fig. S1D , the neo R cassette was excised by transient expression of Flp, and matched sublines were derived in which the Porcn coding sequence was left intact (referred to as Porcn lox ) or subjected to Cre-mediated deletion of exons 2 and 3 (Porcn Δ ). Because all Porcn lox and Porcn Δ sublines behaved identically, they are henceforth described collectively rather than referring to individual subclones.
A custom anti-Porcn antiserum, raised against an epitope encoded by exons 9 and 10, detected a specific band of ∼40 kDa in lysates from WT and Porcn lox ES cells that was absent from Porcn Δ lysate (Fig. 1B) . This protein comigrated with a specific band present in lysates of HeLa cells overexpressing mouse Porcn, suggesting that it represents endogenous Porcn. The absence of lower molecular-weight bands in Porcn Δ lysate suggests that alternative translation initiation sites are not used and that deletion of exons 2 and 3 produces a null allele. Porcn Δ ES cells grew normally under standard conditions and maintained ex-pression of the pluripotency marker Oct4 (Fig. S2 A-D) , indicating that targeted disruption of Porcn does not prevent ES cell self-renewal.
We analyzed the effects of Porcn disruption on Wnt signaling by transient transfection of a β-catenin/T-cell factor (TCF)-dependent TOPFlash reporter gene (22, 23 Fig. 2A and Fig. S2E ). The defective endogenous Wnt response of Porcn Δ cells was fully rescued by cotransfection with WT human PORCN, whereas a missense mutant observed in a patient with FDH, affecting the putative active site histidine (H341L) (19) , had no rescuing activity ( Fig. 2A) . This functional test of a human PORCN mutant supports the hypothesis that FDH is a disease of impaired Wnt signaling.
Porcn Is Required for Mesoderm Induction in ES Cells and Embryos.
Wnt signaling is required for mesoderm formation in the mouse (25) (26) (27) , and this requirement is recapitulated in ES cell-derived embryoid bodies (EBs) (28, 29 MEFs that were previously infected with an empty retroviral vector (LNCX) or LNC-Wnt3a-HA. Relative light units are plotted as fold change relative to reporter-transduced cells cultured alone (black) (n = 3 independent experiments). *P < 0.05 by Welch's two-tailed t test. (C) Western blots (with antibodies indicated to left of panels) on whole-cell lysates from control and Wnt3a-HA-expressing MEFs (Left) and on anti-HA immunoprecipitates of conditioned media from the same cells (Right, asterisk indicates rabbit IgG heavy chain). Note that the immunoprecipitates represent ∼10-fold more input material than the corresponding cellular lysates. Tubulin serves as a loading control. (D) Western blots (antibodies indicated on left) on lysates from control and Wnt3a-HA-expressing MEFs, either unprocessed (whole) or separated into aqueous and detergent phases by Triton X-114 extraction. GAPDH and β-catenin serve as controls for recovery of nonacylated aqueousphase proteins, and Ras serves as a control for detergent-phase recovery of acylated proteins.
trap allele of Porcn was found to cause developmental arrest at gastrulation (31) . We therefore conclude that the female-specific inheritance of human FDH results from early loss of PORCNdeficient male embryos.
Loss of Porcn Causes a Cell-Autonomous Defect in Wnt Ligand
Secretion. Drosophila porcupine is essential for wingless protein secretion (7) , and inhibiting Porcn function by RNAi or a small molecule antagonist prevents Wnt3a secretion (10, 12 (Fig. S3A) . To confirm that Porcn acts cellautonomously, we stably transduced C3H 10T1/2 fibroblasts with a TOPFlash-based lentivirus (33), generating a WT "responder" cell line, and cocultured these with the above-described MEFs. Coculture with Porcn lox /LNCX cells produced a modest induction of LEF/TCF activity (∼8-fold over responder cells cultured alone), consistent with endogenous Wnt production by MEFs (34), whereas Porcn lox /Wnt3a cells induced >100-fold activation (Fig.  2B) . Porcn Δ /Wnt3a MEFs failed to induce significant LEF/TCF activity in responder cells (Fig. 2B) , confirming that Porcn functions specifically in Wnt ligand-producing cells.
Western blotting of whole-cell lysates indicated that Porcn lox and Porcn Δ MEFs expressed similar levels of Wnt3a-HA, whereas anti-HA immunoprecipitates of conditioned media revealed that only Porcn lox cells produced soluble Wnt3a-HA (Fig. 2C) . Staining MEFs for colocalization of Wnt3a-HA with secretory pathway markers, we found in both genotypes that anti-HA immunofluorescence completely overlapped the ER marker protein disulfide isomerase but did not detectably overlap the Golgi marker giantin (Fig. S3 B-S) . These results suggest that Wnt3a-HA is trafficked relatively inefficiently through the secretory pathway but that its secretion nonetheless depends on Porcn function (Fig. 2C ). This conclusion is in agreement with previous in vitro studies of Porcn function, in which impaired Wnt secretion correlated with defective fatty acid modification of the ligand (10) (11) (12) . Using a Triton X-114 partitioning assay to assess Wnt acylation (11, 12) , we were surprised to find that detergent partitioning of Wnt3a-HA was reduced but not eliminated in Porcn Δ cells (Fig. 2D ). Because this minor change could not account for the >100-fold reduction in Wnt3a signaling activity of Porcn Δ cells, we hypothesize that Wnt3a is subject to Porcn-independent acylation events that are insufficient for ligand secretion.
Porcn Heterozygosity Provides a Mouse Model of FDH Defects. To determine the in vivo requirements for Porcn after gastrulation, we used Sox2-Cre to generate Porcn Δ/+ females, all of which were recognizably abnormal in late embryogenesis (E15.5-E18.5, n = 42 total). The phenotypes, summarized in Table S1 , closely resembled human FDH and partially recapitulated one or more previously described Wnt pathway mutants (Fig. 3) . As in the human syndrome, Porcn Δ/+ phenotypes varied widely in severity, most likely attributable to stochastic X-inactivation (20) . For example, almost every heterozygous embryo examined exhibited one or more abnormal limbs, with defects ranging from digit loss or fusion to complete absence of autopod and ulna (Fig. 3 D-F) .
The defining phenotype of FDH in humans is thin or absent dermis, which typically manifests at birth in discrete lesions ranging in size from millimeters to centimeters (20) . Similarly, we observed large areas of dermal atrophy in a subset of Porcn Δ/+ embryos, such that internal organs, including liver and heart, were visible through an epidermal monolayer (Fig. 3C) . In severe cases, these defects were accompanied by hypoplasia of the sternum as well as ventral body wall closure defects (Fig. 3 G-J) . These phenotypes recapitulate those of dermal-specific β-catenin KOs (35), as well as those attributed to severe cases of human FDH (20, 36) .
Other grossly obvious defects have not been reported in FDH but resembled those of other mouse Wnt pathway mutants (Table S1 ). For example, almost all Porcn Δ/+ embryos exhibited a range of tail defects ( Fig. 3 B and C ) similar to those of Wnt5a nulls (37), Wnt3a and Lrp6 hypomorphs (38, 39) , and Dvl2;Dvl3 double mutants (40) . Taken together, the concordance of Porcn Δ/+ , FDH, and mouse Wnt mutant phenotypes provides independent support for a central role of Porcn in Wnt signaling.
Porcn Is Required for Ectodermal Expression of Lef1 and Hair Follicle
Development. FDH is commonly associated with localized defects in ectodermal appendages, such as hair, teeth, and nails (20) , the development of which requires canonical Wnt signaling (41, 42) . Our efforts to study postnatal development of these tissues were frustrated by perinatal lethality, because several litters produced only a single viable but runted Porcn Δ/+ pup. This mouse exhibited focal hairlessness on its ventral skin but was otherwise WT in appearance (Fig. 4 A and B) , suggesting that postnatal survival selects for individuals at the mild end of a phenotypic spectrum.
The first hair follicle primordia are detected at E14.5 and are marked by Wnt-dependent expression of the TCF factor Lef1, which, in turn, is required for hair development (41, 43) . Wholemount in situ hybridizations on embryos of this stage revealed a decreased density of Lef1 + placodes in the dorsolateral skin of Porcn Δ/+ embryos (Fig. 4 C and D) . This phenotype was more pronounced at E17.5; at that stage, Porcn Δ/+ embryos exhibited large patches of abnormally smooth, hair follicle-deficient epidermis (Fig. 4 E-G) . In WT E17.5 embryos, Lef1 was strongly expressed throughout the basal epidermis as well as in nascent hair follicles (Fig. 4 H and J) , and both of these expression domains were reduced or absent in hairless patches of Porcn heterozygotes (Fig. 4 I and K) . Other basal markers, such as keratin-14 and p63, were expressed normally in these regions, as was the suprabasal marker keratin-10, indicating normal keratinocyte differentiation (Figs. 4 L and M and Fig. S4 ). These phenotypes closely resemble those induced by overexpression of Dkk1, a canonical Wnt inhibitor (41) , suggesting that Porcn mediates the Wnt-dependent up-regulation of epidermal Lef1.
Tissue-Specific Porcn Deletion Implicates Ectodermal Wnt Defects in FDH Etiology. FDH has been speculatively attributed to defective gene function in the ectoderm (44), a hypothesis that we have begun to test by crossing Porcn lox/lox females to additional Cre transgenic males to produce tissue-specific KO male offspring. Our initial experiments focused on the limb, because of the availability of Cre lines and well-characterized Wnt KO phenotypes (Table S1 ). Using a mesenchyme-specific Prx1-Cre driver (45), we obtained a dramatically shortened limb phenotype at E17.5, which almost perfectly reproduced that of Wnt5a null mice (37) (n = 10 of 10 Porcn lox /Y; Prx1-Cre embryos; Fig. 5 A and  B) . In addition to confirming that Porcn is required for a wellcharacterized "noncanonical" Wnt signaling process, this result suggests that the direct effects of Wnt5a on limb outgrowth are mediated by its mesenchymal expression domain rather than its expression in the overlying apical ectodermal ridge (AER) (37) . Like Wnt5a nulls, Porcn lox /Y; Prx1-Cre mice exhibit loss of distal digits but otherwise preserve all individual skeletal elements, and therefore do not reproduce the syndactyly or truncation phenotypes commonly seen in patients with FDH and in Porcn Δ/+ mice (Table S1 ).
Fusion and loss of skeletal elements are observed when Wnt3 is deleted in the hind-limb ectoderm with Msx2-Cre (46, 47) . Based on that finding, we used Msx2-Cre to ablate Porcn and observed a variably penetrant Wnt3-like phenotype at E18.5, including syndactyly and autopod truncation (n = 6 of 14 Porcn lox /Y; Msx2-Cre hind limbs; Fig. 5 C and E) . Similar variability is observed with Wnt3 ablation because of inefficient deletion across the dorsalventral boundary of the distal limb ectoderm (46) . As with Wnt3 deletion, the variable skeletal phenotype of Porcn deletion was prefigured by mosaic AER defects in the hind limb at E11.5 ( Fig. 5  D and F) . In addition to the limb, Msx2-Cre drives mosaic ectodermal recombination throughout the trunk (48), where we observed focal skin and dermal defects at E18.5 that reproduced those of Porcn Δ/+ mice (n = 3 of 3 Porcn lox /Y; Msx2-Cre embryos; Fig. 5 G-J) . Skin-specific deletion therefore appears to be sufficient to account for many of the structural and differentiation defects of human and mouse Porcn heterozygotes, supporting a major role for this gene in the ectoderm.
Discussion
In the past 2 decades, homologs of nearly every developmental gene identified in Drosophila have been mutated in the mouse, with porcupine representing an unusual exception. We have now generated a conditional mutant allele of its unique mouse ortholog, Porcn, for which our studies indicate a conserved role in Wnt ligand secretion (7, 8) . Our genetic analyses confirm and extend previous studies, using RNAi or small molecules to knock down Porcn function in vitro (10) (11) (12) , and indicate that Porcn lox represents a potent tool to probe Wnt ligand function in vivo.
This study does not address the scope and specificity of Porcn function: Is it required for all 19 mammalian Wnts, and does it regulate any other ligands? With respect to the first question, all mammalian Wnts contain the conserved serine residue that is the substrate for Porcn palmitoylation in Wnt3a (10) . Drosophila WntD, an orphan family member, is the only Wnt that lacks this residue and the only Wnt that has been shown to be secreted in the absence of porcupine (49) . Porcn Δ cells can be used directly to test the role of Porcn in the biogenesis of diverse Wnt ligands, as well as to address open questions regarding additional Wnt modifications and their involvement in ligand trafficking and activity (6) . We were surprised to find that although Wnt3a-HA secretion is abolished in Porcn Δ cells, its acylation is only slightly reduced. Prior studies have identified multiple sites of Wnt3a acylation (10, 24) , and we speculate that loss of Porcn arrests ligand trafficking in MEFs only after completion of a Porcnindependent acylation step. Porcn Δ cells may provide a useful system to identify the site, nature, and biological relevance of this posttranslational modification.
With respect to Porcn substrates beyond Wnts, it has been shown that porcupine is dispensable for hedgehog and bone morphogenetic protein (BMP) signaling in Drosophila (8), and we find that limb mesenchyme-specific deletion of Porcn causes defective outgrowth, mimicking loss of Wnt5a (37), without ablation of specific skeletal elements as seen in mesenchyme-specific Shh or Bmp2/Bmp4 mutants (50, 51) . Future studies, in Porcn Δ cells as well as tissue-specific KOs, will address the possible requirement for this gene in other pathways.
The Porcn heterozygous phenotype closely resembles human FDH, particularly its more severe manifestations (20) . Studies of inheritance and X-inactivation in human patients have suggested that only the least-affected patients with FDH survive beyond birth (19) , and our data strongly support this model: Most Porcn Δ/+ mice appear to die perinatally, and the only postnatal survivor yet obtained had an extremely mild phenotype compared with embryos. As in FDH, the defects in Porcn Δ/+ embryos are typically discrete and asymmetrical, presumably reflecting domains of Porcn-deficient cells established by X-inactivation. The characteristic skin defects of patients with FDH frequently follow the so-called "lines of Blaschko," stripes and whorls hypothesized to represent the clonal descendants of embryonic ectoderm progenitors (20) . In turn, this observation suggests that FDH results from loss of PORCN function in the ectoderm, with non-cell-autonomous effects on underlying mesodermal cells (44) . Our tissue-specific deletion studies provide experimental support for this hypothesis and, in addition to illuminating the etiology of FDH, exemplify the utility of Porcn lox as a tool to dissect Wnt signaling in vivo. Given that Porcn is X-linked, tissuespecific KO males can be obtained in a single generation by crosses between Cre-transgenic males and Porcn lox females. It should therefore be facile and economical to test the role of Porcn-dependent Wnt signals in any tissue for which an appropriate Cre driver is available.
Materials and Methods
Detailed methods are provided in SI Materials and Methods. In brief, the Porcn neo2lox targeting vector (Fig. S1A ) was constructed via recombineering (52, 53) , and ES cells were electroporated, selected, and analyzed using standard techniques (54) . ES cells used to generate mice were cultured continuously on MEF feeders, whereas ES cells used for in vitro experiments were grown under feeder-free conditions, in the presence of serum and leukemia inhibitory factor (LIF) (54) . A polyclonal rabbit anti-Porcn antiserum was generated by Covance against a C-terminal peptide epitope (TEEKDHLEWDLTVSR, encoded by exons 9 and 10). Wnt reporter gene assays used the pSuper8 × TOPFlash and pSuper8 × FOPFlash plasmids (23) , as well as the 7TFP lentiviral reporter construct (33) . Triton X-114 partitioning assays were performed essentially as described (12, 55) . Chimeric mice were produced by the University of Utah Transgenic Core Facility, via ES cell injection into C57BL/6 blastocysts. In all experiments, mutant embryos were compared with littermate controls retaining full Porcn coding regions (i.e., WT or floxed) on all alleles. Sox2-Cre (30) and Prx1-Cre mice (45) were obtained from The Jackson Laboratory, and Msx2-Cre mice (47) were provided by Mark Lewandoski (National Cancer Institute, Frederick, MD). All animal experiments were performed according to protocols approved by institutional committees of the University of Utah and Brigham Young University.
Note Added in Proof. While this paper was in press, Biechele et al. (56) published a study characterizing ES cells harboring a Porcn gene trap loss-offunction allele, and demonstrated defects in Wnt production and mesoderm differentiation very similar to those described here.
